Received June 12, 1964 It is well known that living organisms can be undercooled to certain low temperatures. Most of them are not injured by undercooling itself, but when freezing once occurs within their tissues they suffer from frost-injury.
The degree of such an injury is various according to the kinds of organisms.
The great majority of works on the relation between capacity for undercooling and cold resistance have dealt with animal materials, especially with insects.
Salt' showed that a high capacity of undercooling is regarded as the essential factor of cold resistance in the non-frost-resistant insects. According to Aoki3~ , the value of undercooling point** can not be an index of f ros c resistance because it does not differ in insects with different frost resistance.
In a potato tuber it was shown by Terumoto3~ that undercooling point was lowered during the hardening process.
However, whether the undercooling is an important factor in frost resistance or not is still uncertain4~ . The purpose of the present investigation is to clarify the relation between degree of undercooling and frost resistance in leaf tissue.
Since the undercooling point is, as a rule, affected by several physical factors, especially by the rate of cooling, the effect of cooling rate on the undercooling points in leaf tissues is also reported here.
Materials and Methods
The present experiment was carried out mainly from June to July in the leaf tissues of Aspidistra elation and VibuYnum odoratissimum. In winter season from November to December some experiments were also made in these two plants and Fatsia japonica.
From spring to summer these plants have leaves different in the stage of maturity, i. e., the mature (old) leaves remaining from the last year and the immature (young) ones unfolded in the spring of the present year. The leaf pieces used were cut off from the leaf blade excluding the middle main vein. The size of each leaf piece was about 30 mm >< 10 mm in Aspidistra and 25 mm >< 10 mm in VibuYnum and Fatsia.
The sap flowed out from the cut face of the leaves was blotted off with filter paper.
The undercooling point was determined by the freezing curve (temp. vs. time) of each piece. The temperature of leaf pieces was measured by means of a thermocouple consisting of copper and constantan wires (0.25 mm in diameter).
The tip of thermocouple was kept in contact with the central part of the surface of leaf piece, where a bit of silicon oil (Toshiba TS 951-350 c. s.) was dropped to increase the heat conduction between thermocouple and leaf. The thermoelectric potential was measured with a galvanometer (Yokogawa, D-2 LD) and recorded every 15 seconds.
In the experiments after September it was automatically recorded with * Biological Laboratory , General Education Department, Kyushu University, Fukuoka, Japan. ** The undercooling point means the temperature at which undercooled state in the system is spontaneously broken without any artificial ice seeding. a galvanometer (Toa Electronics AD-7) and a polyrecorder (Toa Electronics EPR-2T). The cooling of samples was done as follows: the leaf piece which had been fixed on a supporting wire by a rubber band, was placed in a protecting glass tube with the thermocouple and the glass tube was cooled in a refrigerator (Toshiba icecream stockercooling temperature --20°). The cooling rate was regulated by changing the size of protecting glass tube or multiplying the layers of air mantle around the protecting glass tube. As the rate of cooling of leaf pieces, 1° to 7° per minute at 0° was employed.
The osmotic value of the leaves was measured by the plasmolytic method using KNO3 as a plasmolyte in upper epidermis which was stained by neutral red solution (0.01%). Water content was determined by drying the leaf pieces excluding the main vein at 95° for 48 hours and expressed in percentage of the fresh weight.
Results and Discussion
Comparison of the mature and immature leaf tissues in frost resistance : Figs The leaf pieces were rewarmed at the predetermined stages of the freezing process and the survival rate was determined as follows: the upper epidermis was quickly cut off from the leaf piece immediately after the rewarming and stained with neutral red solution (0.01%). The numbers of epidermal cells capable of apparent plasmolysis (in isotonic concentration x 1.5) and deplasmolysis (in isotonic concentration x 0.5) in KNO3 solution were counted in each tissue section.
The percentage survival in epidermal cells of leaf tissue is shown in Fig. 3 . The letters along the curves indicate the percentage survival of the epidermal cells rewarmed at the points of the same letters on the freezing curve shown in Figs. 1 and 2. As is shown in Fig. 3 , the percentage survival in the immature leaf cells was high when the leaf piece was rewarmed before reaching the stage of d', but if the cooling proceeded further, it suddenly decreased and almost all the epidermal cells were killed at the stage of e'. In the mature leaves, on the other hand, no epidermal cells were killed till they were cooled to the stage of e, and then were gradually injured.
In other words, no epidermal cells in mature leaves suffered from frost-injury until the freezing of the leaf tissue was nearly completed.
It seems therefore reasonable to assume that the epidermal cells in mature leaves are more frosthardy than those in immature ones.
The mature and immature leaves in both Aspidistra and Viburnum were compared in water content and osmotic value ( Table 1) . As is shown in Table 1 , the mature leaves had a lower water content and a higher osmotic value than the immature ones in both plants.
Comparison of the undercooling points in mature and immature leaf tissues : The undercooling points of mature and immature leaves in Aspidistra and Viburnum were measured at various cooling rates.
As is shown in Fig. 4 , in Aspidistra the undercooling points of the mature leaves were always lower than those of the immature ones, while in Viburnum, on the other hand, the immature leaves showed lower undercooling points than the mature ones. This was commonly observed at the cooling rate of 1° to 7° per minute.
The difference of undercooling points between the mature and immature leaves were more remarkable in Aspidistra than in Viburnum. Such a tendency in the property of leaf tissue of these two species was also observed in water contents and osmotic values (Table 1) . Though epidermal cells in mature leaves are hardier than in immature leaves in both plants , the relation of undercooling points of the mature leaf to that of the immature one is quite inverse in both plants. Therefore, it seems that there is no direct interrelation between frost resistance and the undercooling points in leaf pieces.
In Camellia sinensis, the undercooling of a mulberry tree8~. winter season, and at 1 resistance.
On the othe hand, (Pentacrysis) shanghaie district, the undercooli that of the prepupa of frost-resistant results, Aoki considers a relative capacity of agreement with the pr sent relation between frost regard impossible f erent materials, and t an index of frost resistance.
Effect of the cooling rate on the undercooling points in leaf pieces : The effect of the cooling rate on the undercooling points was studied in the leaf pieces. The materials used were the mature and immature leaves of Aspidistra and Viburnum in summer (from June to July), and the mature leaves of the above two plants and Fatsia in winter (from November to December).
The undercooling points determined at the cooling rates ranging from 1° to 7° per minute are shown in Figs. 4 and 5. According to Aoki and Shinozaki10~ the undercooling points in the prepupae of slug moth showed only a relatively small fluctuation under any definite cooling condition. Such a tendency was also recognized in the present experiments.
In summer, the fluctuation of undercooling points in mature leaves was smaller than that in immature points of old leaves are lower than those of the young leaves5~, while in Rhododendron ripense the undercooling points showed no clear difference between old and young leavess~ . Thus the relation between undercooling point and degree of leaf maturity is not the same in various plants.
It has been considered that under cooling is one of the important factors in avoiding ice formation in plants4~ . According to Terumoto3>, the undercooling of potato tubers stored at a low temperature becomes large. Ecologically a stable undercooled state in a field plant has a more important significance in preventing frost-injury than the lowering of the freezing point of cell sap. The seasonal periodicity of undercooling points was observed both in an insect7~ and the twig In these investigations the undercooling points lowered in east in an insect, it was correlated to the increase of frost in a non-hardy prepupa of ruby-tailed wasp, Crysis r sis, which was parasitic on a slug moth grown at a warm n ng point was found to fall in the same temperature range as insect9> . From these slug moth, a remarkab that the value of the undercooling point itself merely shows undercooling under a definite cooling condition. This is in result.
From these facts it may be concluded that the e resistance and the undercooling point is not the same in difthe undercooling point alone as hat it is ones. This may probably be based on the fact that the mature leaves were in almost the same stage of maturity.
In summer the fluctuation of the undercooling; points was, as a rule, small at a slow cooling rate, but large at a rapid cooling rate. This tendency could not be observed in winter.
The undercooling points at different cooling rates showed a falling tendency with increasing cooling rates.
In other words, at slow cooling rates the undercooled states in leaf pieces were broken at high temperature, while at high cooling rates initiation of freezing occurred at low temperatures. Such a tendency was equally observed in experiments both in summer and winter.. However, in each plant the gradual lowering in undercooling points with increasing cooling rates was different in degree.
This appeared more clearly in the following order:
Fatsia > Aspidistra > Viburnum (Fig. 5 ). Aoki and Shinozaki1 °> studied the effect of the cooling rate, ranging from 0.7° to 13° per minute, on the undercooling points in the prepupa of slug moth. They found the undercooling points at a slow cooling rate, i. e., 1 ° per minute were scattered only within a relatively narrow temperature range around -20°, but when the cooling rate gradually increased, the highest value of undercooling points was raised to high temperatures though the lowest values did not change.
They concluded therefore that the undercooled state of the prepupa became unstable with the increasing cooling rate.
In the present experiment, only in summer the undercooled state in leaf pieces was rather stable at a slow cooling rate, but this was not the case in winter.
The leaf tissue was found to be quite different from the prepupa of slug moth in the behaviour of the undercooling point. The undercooling points of leaf pieces were gradually lowered with increasing cooling rates, while the temperature range of the fluctuation of undercooling points was nearly the same at any cooling rate (Fig. 5) . The gradual lowering of undercooling point with increasing cooling rates may conceivably be explained by the fact that the higher 
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points in the mature leaves of Aspidistra, Viburnum and Fatsia at the cooling rate ranging from 1° to 7° per minute at 0° (November December). 6 . Relation between the cooling rate and the time spent from 0° to the undercooling point on the freezing curves of mature leaves in Aspidistra, Viburnum and Fatsia (computed from the same data in Fig. 5 ).
is the rate of cooling, the shorter is the time spent before spontaneous freezing occurs in the leaf piece (Fig. 6) , because the probability of ice nucleation increases in any system as the duration of undercooling is lengthened11,12> .
Summary
The undercooling points of leaf tissues in Aspidistra, Viburnum and Fatsia were determined by the freezing curve of leaf pieces. The relation between the undercooling points and frost resistance both in mature and immature leaves, and the effect of the cooling rate on the undercooling points were investigated.
1. In Aspidistra and Viburnum, the epidermal cells in mature leaves were more frost-hardy than those in the immature ones. In immature leaves, the injury caused by freezing occurred with the beginning of freezing in the tissues, while in mature leaves no injury appeared till the freezing of tissues was nearly completed.
2. The undercooling points in leaf pieces showed a relatively small fluctuation under any definite cooling condition.
The undercooling points of the mature leaves of Aspidistra were always lower than those of the immature ones, while in Viburnum, the undercooling points of immature leaves showed lower values than those of the mature ones. This was observed at any cooling rates, ranging from 1 ° to 7° per minute.
3. The effect of the cooling rate on the undercooling points was studied under the cooling conditions of 1°~7° per minute at 0°. In summer the temperature range of the fluctuation of undercooling points was small at a slow cooling rate, and became larger with the increasing cooling rate, but in winter it was nearly the same at any cooling rates.
4. The undercooling points were gradually lowered with increasing cooling rates, that is, the undercooled state was broken at higher temperatures in slowly cooled leaf pieces than in rapidly cooled ones.
5. The relation between frost resistance and the undercooling point in leaf piece is various according to the species of plants.
It is therefore not adequate to regard the value of the undercooling point alone as an index of frost resistance in plants.
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